Apparent molar volumes and apparent molar compressibilities for d-sorbitol in (0.05, 0.1, 0.2 and 0.3) mol·kg −1 aqueous solutions of l-alanine, l-cysteine and l-histidine and NaCl have been determined from measurements of solution density at T = (288.15, 298.15, 308.15 and 318.15) K and sound velocity at T = 298.15 K, as a function of the concentration of the sugar alcohol. The data were used to obtain the limiting apparent molar volumes, limiting apparent molar compressibilities and the corresponding transfer parameters. Limiting apparent molar expansibilities and their second order derivatives and volume interaction coefficients were also estimated. These parameters are discussed in terms of d-sorbitol and co-solute (amino acid or sodium chloride) interactions in aqueous solutions.
Introduction
In recent years, sugar alcohols, owing to their desirable properties, have found applications in many branches of industry. Properties of polyols, such as good taste, low calorie content and little effect on blood sugar levels have paved the way for the use of these compounds in the production of prepared foods, cosmetics and pharmaceuticals [1] [2] [3] . It has been established that polyols enable stabilization of the native state of proteins and affect their denaturalization, solubility and folding/unfolding behavior [4, 5] . Thus, knowledge of the properties of polyols in aqueous solutions of amino acids is essential for understanding the chemistry of biological systems.
Among various polyols, d-sorbitol, a six-carbon sugar alcohol, is widely used as sweetening agent, plasticizer, as well as capsule and tablet diluent [6, 7] . It is known that d-sorbitol, despite having a structure similar to that of its isomer d-mannitol, shows a real difference in solubility in water and in osmotic pressure coefficients [8] . It has also been suggested that d-sorbitol is a relatively stronger disruptor of the water structure than d-mannitol [9] .
To the best of our knowledge, reports on the effects of amino acids on the structure of water modified by sugar alcohol are still scare. Most of the thermodynamic data have been collected for systems with d-mannitol and xylitol [10] [11] [12] [13] [14] [15] . So far, few studies have focused on the volumetric and acoustic properties of aqueous solutions containing d-sorbitol and amino acids. Density and sound velocity data at 298.15 K for some ternary mixtures (amino acid + d-sorbitol + water) have been reported by Jha and Kishore [16] . Moreover, Ren et al. published volumetric data for such systems for a wider range of temperatures [17] . The authors of both publications calculated the limiting molar volumes of transfer from water to aqueous d-sorbitol solutions for amino acids and they postulated the existence of hydrophilic/polar group interactions in the systems. The same conclusion was reached by Banipal et al. who studied volumetric properties of d-sorbitol in aqueous solutions of l-glycine [18] .
The present study was aimed at providing some additional data on the properties of d-sorbitol in aqueous amino acid solutions using volumetric and acoustic measurements. The densities at T = (288.15, 298.15, 308.15 and 318.15) K and sound velocities at T = 298.15 K for d-sorbitol in (0.05, 0.1, 0.2 and 0.3) mol·kg −1 aqueous solutions of l-alanine, l-cysteine and l-histidine are reported. Additionally, corresponding data for d-sorbitol in aqueous solutions of NaCl was also collected. The paper presents calculations of the apparent molar volumes and the apparent molar compressibilities, as well as their limiting values. The corresponding transfer parameters and limiting apparent molar expansibilities are also estimated. The evaluated parameters were correlated and interpreted in terms of the different types of interactions that can occur in ternary systems. The structure making/ breaking tendency of d-sorbitol in aqueous amino acid or NaCl solutions is also analyzed.
Experimental

Chemical Used
d-sorbitol (≥ 0.98), l-alanine (≥ 0.99), l-cysteine (≥ 0.99) and l-histidine (≥ 0.99) were obtained from Carl Roth GMbH + Co. KG, sodium chloride (≥ 0.999) was purchased from POCh and were used without further purification. Table 1 briefly describes the properties of the chemicals and Fig. 1 shows their structures. Before measurements, d-sorbitol and all amino acids and NaCl were dried under reduced pressure at 323 K. Deionized, doubly Table 1 Provenance and mass fraction purity of the compounds studied a As stated by the supplier. The chemicals were used as such without further purification , degassed water with a specific conductance of 1.15 × 10 −6 S·cm −1 was used for the preparation of (0.05, 0.1, 0.2 and 0.3) mol·kg −1 solutions of l-alanine and l-cysteine, whereas in the case of l-histidine only three solutions (0.05, 0.1 and 0.2) mol·kg −1 were made due to its lower solubility. All the solutions were prepared by weight dilution of the stock solution of d-sorbitol using a Mettler Toledo balance with a precision of ± 0.0001 g.
Apparatus and Procedure
The densities of the ternary mixtures were measured at different temperatures using a digital vibrating-tube analyzer (Anton Paar DMA 5000, Austria), equipped with a built-in solid-state thermostat that controls the temperature by means of a combination of thermoelectric Peltier elements and an intergrated Pt-100 resistance thermometer with an accuracy of 0.01 K. The measurement cell in the apparatus is made of borosilicate glass. Prior to each series of measurements, the apparatus was calibrated using doubly distilled and degassed water and with dry air at atmospheric pressure (0.1 MPa). The standard uncertainty in the density measurements was within ± 35 × 10 −3 kg·m −3
. The sound velocities were determined with a standard uncertainty of 0.15 m·s −1 using the sound analyzer OPTIME 1.0 from OPTEL (Poland), based on the time of flight method. Measurements are based on the determination of the time that the acoustic signal with a frequency of 8 MHz takes to pass through a sample of known length. The length of the quartz measurement cell was determined with doubly distilled water, with the value 1496.69 m·s −1 used as the sound velocity in pure water at 298.15 K. Temperature during measurements was stabilized by a constant temperature bath (model: PolyScience 8202) at 298.15 ± 0.01 K.
Results and Discussion
Volumetric Properties
The experimental values of molality, density and apparent molar volume at various temperatures of the solutions of d-sorbitol in aqueous l-alanine, l-cysteine, l-histidine and NaCl are reported in Tables 2, 3 Standard uncertainties u are u(T) = 0.01 K, u(d) = 0.035 kg·m −3 , standard uncertainty of molality u(m) = 0.001 mol·kg −1 and standard uncertainty of experimental pressure u(p) = 10 kPa chloride. Irrespective of temperature, the increase in density resulting from increased concentration of d-sorbitol is greatest in the case of solutions in water. The greater the amount of amino acid or NaCl in the solution, the smaller is the increase. Moreover, with increasing temperature the observed effect, i.e. the increase in density with increasing concentration of d-sorbitol, becomes less pronounced. For all the systems studied, the density decreases with an increase in temperature.
The corresponding values of the apparent molar volumes ϕ V of d-sorbitol in the ternary systems were calculated from the densities of the solutions using the following equation:
where m denotes the molality of solution, d and d 0 are densities of solution and solvent, respectively, and M 2 is the molar mass of the solute. Figure 2 presents, as an example, the concentration dependencies of the apparent molar volumes of d-sorbitol in 0.3 mol·kg −1 l-alanine at temperatures between 288.15 and 318.15 K. As seen from the plots, the relationship is linear across the whole d-sorbitol molality range and the whole temperature range studied. Therefore, the limiting apparent molar volumes 0 V were evaluated by extrapolating the respective plots to infinite dilution using the equation:
The parameters of Eq. 2 and their standard deviations are given in Tables 6, 7 , 8, and 9. Table 6 includes literature values of the limiting apparent molar volumes of d-sorbitol in water [18] [19] [20] . As is seen, the data from the present study shows good agreement with those in the literature. Almost no data for 0 V in the presence of NaCl or amino acids are available for comparison. Exceptions include volumetric data for d-sorbitol in aqueous 2 and 4 mol·kg −1 NaCl at 298.15 K reported by Jasra and Ahluwalia and the data for (l-alanine + sorbitol + water) ternary solutions obtained by Jha and Kishore and by Ren et al. [16, 17, 21] . However, the authors measured the densities of l-alanine in fixed concentrations of aqueous d-sorbitol, not d-sorbitol in fixed concentrations of aqueous l-alanine as in the present study. Moreover, different temperature ranges and distinctly higher concentrations of d-sorbitol were studied. Thus, direct comparison of the results is impossible. As can be seen from Tables 2, 3 , 4 and 5 and from Fig. 2 , the apparent molar volume increases with increasing molality of sugar alcohol and also with the amount of co-solute and with temperature. Irrespective of temperature and molality of amino acid or NaCl, the concentration dependence of the apparent molar volume of d-sorbitol is very small and therefore the standard deviations of the experimental slope S V are relatively high. However, a decrease of S V with temperature and co-solute concentration can be observed. The results indicate that increasing temperature and increasing molality of amino acid or NaCl make the solute-solute interactions weaker. Additionally, the values of the experimental slope for the same molality of co-solute and the same temperature follow the following order:
indicating that solute-solute interactions are weakest in the (d-sorbitol + NaCl + water) ternary system. An examination of the data also reveals that the limiting apparent molar volumes of dsorbitol are positive and increase with increasing molality of amino acid or sodium chloride, as well as with increasing temperature. The limiting apparent molar expansibilities , presented in Table 10 , were calculated by fitting the 0 V data, as a function of temperature, into the following equation:
using the least-squares method, where A 0 , A 1 and A 2 are constants. As is seen, the values of the limiting apparent molar expansibilities for all the systems studied are positive. This suggests that the temperature increase causes the liberation of solvent molecules from the solvation layer of d-sorbitol, thereby increasing the total volume of the system. Moreover, the fact that the limiting apparent molar expansibility values decrease with rising temperature indicates that at higher temperatures this effect is weaker.
The calculated values of the second derivate
are negative. Therefore, according to Hepler's method of examining the sign of the second derivate for solute in terms of the structure-making or structure-breaking nature of the solute in mixed solvent systems, d-sorbitol is a structure breaker in water, as well as in aqueous amino acid and sodium chloride [22] . Figure 3 presents the limiting apparent molar volumes of transfer of d-sorbitol, Δ t 0 V , versus molalities of l-alanine, l-cysteine, l-histidine and NaCl. The values of Δ t 0 V from aqueous to aqueous co-solute solutions were calculated as: It has been established by Shahidi, Farrell and Edward that the limiting apparent molar volume of a hydrophilic solute in water can be divided into two terms as:
where V int is the intrinsic molar volume, σ is the shrinkage in the volume due to hydrogen bonding between water and the hydrophilic solute and n denotes the number of hydrogen bonding sites [23] . Moreover, the intrinsic molar volume V int consists of the van der Waals volume and the associated void or empty volume. For dilute solutions, it is reasonable to assume that the intrinsic molar volume is nearly constant with respect to concentration. Thus, the observed positive volume change accompanying the transfer of d-sorbitol from water to aqueous amino acid or NaCl solution may result from a decrease in the shrinkage in volume because of solute co-solute interactions. Additionally, the increasing values of the limiting apparent molar volumes of transfer with molality of NaCl or amino acid reveal that the interactions resulting in the dehydration of the sugar alcohol increase with the concentration of co-solute. As can be seen from Fig. 3 , at all temperatures studied for all systems, the values of the limiting apparent molar volumes of transfer are in the following ascending order:
indicating that the strongest solute co-solute interactions occur in the (d-sorbitol + NaCl + water) ternary system.
The interactions between d-sorbitol and l-alanine, l-cysteine, l-histidine and NaCl in aqueous solutions can also be explained on the basis of the co-sphere overlap model [24] . According to the model, when two molecules approach each other, their hydration cospheres overlap and the physico-chemical properties of the solution, such as limiting apparent molar volume, change. The possible types of interactions between solute and co-solute are:
(1) hydrophilic-ionic interactions between hydrophilic groups of solute and ions of cosolute; (2) hydrophobic-ionic interactions between the hydrophobic alkyl chain of solute and ions of co-solute; (3) hydrophilic-hydrophilic interactions between the hydrophilic groups of solute and the hydrophilic groups of co-solute; (4) hydrophobic-hydrophobic interactions between the hydrophobic alkyl chain of solute and the hydrophobic alkyl chain of co-solute; (5) hydrophobic-hydrophilic interactions between the hydrophobic alkyl chain of solute and the hydrophilic groups of co-solute. is determined by the hydrophilic residues of the amino acid. According to the hydrophobicity scale of amino acids proposed by Kapcha and Rossky, l-histidine is more hydrophilic than l-cysteine. This results in stronger hydrophilic-ionic and hydrophilic-hydrophilic interactions between d-sorbitol and l-histidine than those between d-sorbitol and l-cysteine, leading to more positive values of the limiting apparent molar volumes of transfer [25] .
As mentioned above, the experimental data on Δ t 0 V for d-sorbitol in aqueous sodium chloride are consistent with that in literature. Moreover, the observed values of the limiting apparent molar volumes of transfer for that system are lower than those for (d-sorbitol + l-glycine + water). This is clearly the result of the strong hydrophilic-hydrophilic interactions between d-sorbitol and l-glycine which do not take place between sugar alcohols and NaCl.
In line with the proposition of Friedman and Krishnan, according to which the thermodynamic transfer properties of solutes in dilute aqueous solution are determined by where V ab and V abb are the pairwise and triplet interaction coefficients, respectively, and m b is the molality of the co-solute [26, 27] . Table 11 presents the values of the volumetric interaction coefficients of d-sorbitol in aqueous L-aniline, l-cysteine, L-histidine and NaCl solutions obtained in the present study. As is seen, in all cases the pairwise interaction coefficients are positive while the triplet interaction coefficients are negative. In general, the magnitude of volume interaction coefficients decreases with rising temperature. The fact that the pairwise interaction coefficients are positive and larger in magnitude than the triplet interaction coefficients suggests that the volumetric properties of the studied solutions are determined by the strong interactions between d-sorbitol and the amino acids or sodium chloride and that these interactions dominate over triplet interactions. Moreover, the decrease of volume interaction coefficients with rising temperature indicates that pairwise interactions, as well as triplet interactions, become weaker at higher temperatures.
Acoustic Properties
The experimental values of molality, sound velocity and apparent molar compressibility at 298.15 K of the solutions of d-sorbitol in aqueous l-alanine, l-cysteine, L-histidine and NaCl are reported in Tables 12, 13 , 14, and 15. As is seen, the values of sound velocity increase with increasing molality of sugar alcohol, both in water and in the aqueous solutions of amino acids or sodium chloride. This suggests that as the molality increases, intermolecular hydrogen bonds between d-sorbitol and water and intramolecular hydrogen bonds within d-sorbitol molecules themselves become stronger, resulting in a more ordered solution. Moreover, for solutions with the same molality of d-sorbitol, an increase in sound velocity with growing concentration of co-solute is also observed. This suggests that association among the molecules of the solution becomes stronger as the amount of amino acid or NaCl in solution increases. The apparent molar compressibilities, ϕ KS , of d-sorbitol in the ternary systems were calculated from the densities and the sound velocities of the solutions according to the equation:
where K S and K 0 S denote isentropic compressibilities of the solution and solvent, respectively.
The isentropic compressibility K S was obtained from density and sound velocity values using the Laplace equation:
As can be observed in Tables 12 and 15 , the values of the apparent molar compressibilities are negative for all the systems studied. This indicates a decrease in compressibility 
Table 12
The sound velocities and apparent molar compressibilities of d-sorbitol 
Table 13
Table 14
The sound velocities and apparent molar compressibilities of d-sorbitol The apparent molar compressibilities were found to increase linearly with the molality of d-sorbitol. Thus, the apparent molar isentropic compressibilities at infinite dilution were obtained by using the method of linear regression of the following relation: Table 16 presents the parameters of Eq. 9 together with the value of the limiting apparent molar compressibility of d-sorbitol in water obtained by Banipal et al. [19] . As is seen, the data from the present study is consistent with that from literature. To the best of my knowledge, no literature data on the compressibility data of d-sorbitol in aqueous amino acid or NaCl solutions is available for comparison purposes.
The values of the limiting apparent molar compressibilities of d-sorbitol increase (become less negative) with the increase in molality of co-solute. Obviously, this is the result of the fact that when sugar alcohol is dissolved in aqueous amino acid or salt solution, interactions between co-solute and water and between water molecules themselves are disrupted and interactions between solute and co-solute and between solute and water are formed. Thus, with increasing concentration of co-solute, more water molecules are released into the bulk solution and the solution becomes more compressible. 
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The obtained values of
KS
were used to calculate the limiting apparent molar compressibilities of transfer of d-sorbitol from aqueous to aqueous amino acid or sodium chloride solutions according to the equation: Figure 5 presents the limiting apparent molar compressibilities of transfer of d-sorbitol versus molalities of l-alanine, l-cysteine, L-histidine and NaCl. It can be seen that the Δ t 0 KS values are positive, they increase with the concentration of the co-solute and they may be arranged in the same ascending order as Δ t 0 V values, i.e. l-alanine < l-cysteine < l-histidine < sodium chloride. The results obtained from acoustic studies are in accordance with the results from volumetric studies discussed earlier. They support the conclusion that the hydrophilic-ionic and hydrophilic-hydrophilic interactions in solutions of d-sorbitol in aqueous amino acids are predominant, while the properties of solutions of d-sorbitol in aqueous sodium chloride are determined by hydrophilic-ionic interactions. Moreover, the absence of hydrophobic-hydrophobic and hydrophilic-hydrophobic interactions in the ternary system (d-sorbitol + NaCl + water) results in more positive values of the limiting apparent molar properties of transfer.
Conclusions
The limiting apparent molar volumes and the limiting apparent molar compressibilities of transfer have been determined for the transfer of d-sorbitol from water to aqueous solutions of l-alanine, l-cysteine, l-histidine and NaCl. Positive The fact that the highest values of the limiting apparent molar volumes and the limiting apparent molar compressibilities were obtained for the (d-sorbitol + NaCl + water) ternary system indicates that interactions between solute and co-solute in this system are stronger than in (d-sorbitol + amino acid + water) mixtures. Moreover, the order of Δ t 0 V and Δ t 0 KS values obtained for d-sorbitol in aqueous solutions of l-alanine, l-cysteine and l-histidine, i.e. three amino acids with the same alkyl chain length, strongly suggests that the strength of alcohol sugar and amino acid interactions is determined by the hydrophobicity of amino acid.
The fact that the pairwise interaction coefficients are positive and of greater magnitude than the triplet interaction coefficients supports the conclusion that the properties of the studied solutions are determined by the strong interactions between d-sorbitol and amino acids or sodium chloride.
